ABSTRACT Ataenius spretulus (Haldeman) (Coleoptera: Scarabaeidae) is more abundant and causes greater damage to golf course fairways than roughs. An inverse relationship between the density of predatory insects and the density of A. spretulus grubs on golf courses was previously reported. Here we investigate if the most abundant predators found on golf courses consume A. spretulus eggs and grubs. Eight of the most common species of carabids and staphylinids were individually placed into petri dishes containing insect eggs and A. spretulus grubs. Most carabids and staphylinids except Apocellus sphaericollis (Say) consumed immature A. spretulus. Harpalus affinus (Schrank) adults and Philonthus sp. larvae consumed 100% of available A. spretulus grubs in all replicates. Natural predation was measured by the release and recovery of A. spretulus grubs in the Þeld. In 1999, more grubs were naturally removed from soil cores in the rough compared with the fairway. In 2000, more grubs were naturally removed from unrestricted soil cores compared with soil cores covered to exclude surface predators. In a separate Þeld experiment in 2000, the density of carabid and staphylinid adults was manipulated using directional barriers around Þeld plots. Simple decrease of adult predators did not lead to an increase in grub infestation. More work is needed to evaluate the signiÞcance of predation on A. spretulus eggs and grubs by carabid and staphylinid larvae.
AS A NATIVE SPECIES IN North America, Ataenius spretulus (Haldeman) (Coleoptera: Scarabaeidae) is found throughout the continental United States. It is most prevalent on turfgrass in the midwestern and northeastern states. Damage by A. spretulus grubs frequently occurs on highly managed turfgrass, including golf course fairways and greens, but damage to home lawns or golf course roughs is rare (Niemczyk and Dunbar 1976 , Vittum 1995 , Smitley et al. 1998 , Vittum et al. 1999 .
It has been suggested that the spatial distribution of A. spretulus on golf courses is inßuenced by carabids and staphylinids (Smitley et al. 1998 ). Carabids and staphylinids are important predators in many natural and agricultural systems. Carabids suppress aphids in cereal crops (Scheller 1984 , Winder 1990 , caterpillars in soybean (Fuller 1988) , and maggots in onion (GraÞus and Warner 1989) . Staphylinids prey on dung-inhabiting ßies (Roth 1983, Hu and Frank 1997) and aphids in cereals (Dennis and Wratten 1991) . Carabids and staphylinids also exist at moderate to high densities in turfgrass where they prey on some turfgrass insect pests (Kunkel et al. 1999 (Kunkel et al. , 2001 , Ló pez and Potter 2000).
On golf courses, A. spretulus grubs were found to be 3-to 10-fold more abundant in fairways than in adjacent roughs (Smitley et al. 1998, Rothwell and Smitley 1999) . At the same time, staphylinids and carabids were much more abundant in the rough. This suggests that the high density of A. spretulus grubs in fairways is related to the low density of predaceous insects. However, up until this time, there has not been any research conducted to show that the predators found on golf courses actually consume A. spretulus eggs and grubs.
The objectives of this research were to conÞrm the predation of A. spretulus eggs and grubs by carabids and staphylinids found on golf courses and to determine the extent of natural predation of A. spretulus grubs in golf course Þeld plots.
Materials and Methods
Laboratory Feeding Experiments. Turf-dwelling staphylinids and carabids were captured in empty pitfall traps (1.5 cm diameter; 10 cm deep; 32 ml) in Þeld plots at the Hancock Turfgrass Research Center, Michigan State University, East Lansing, MI, in July 2000. We tested the predatory capability of staphylinids including Apocellus sphaericollis (Say), Philonthus carbonarius (Gravenhorst), Philonthus cognatus Ste-phens, and immature Philonthus sp., and carabids including Acupalpus partiarius Say, Amara aenea (DeGeer), Harpalus affinus (Schrank), and Stenolophus ochropezus (Say). Traps were checked every morning, and suitable predators were transferred to the laboratory. Insects were isolated without food in a growth chamber (dark; 25ЊC; 60% RH) for 24 h before testing. Individual predators were held in separate petri dishes (90 mm diameter; 15 mm height) lined with moist Þlter paper on which prey items were placed. Six third-instar A. spretulus or 10 corn rootworm (Diabrotica virgifera virgifera LeConte) eggs were placed in each test dish with one predator. Consumption of prey items was determined after 24 h. Recovery of prey was also determined for test dishes without predators. Each species was tested 2Ð18 times, depending on the availability of predaceous insects and prey items. Third instars of A. spretulus were collected at Royal Scot Golf Course, Lansing, MI. Corn rootworms eggs were supplied by the Northern Grain Insects Lab, Brookings, SD.
In the egg predation experiment, corn rootworm eggs were substituted for A. spretulus eggs because A. spretulus eggs were difÞcult to obtain. A choice test was conducted to evaluate the suitability of corn rootworm eggs as a substitute for A. spretulus eggs. A. spretulus adult beetles were bagged and incubated within small turf columns at room temperature. After 2Ð3 wk, soil columns were examined, and A. spretulus eggs were isolated under a dissecting microscope. Approximately 40 such eggs were prepared for a choice test. On the moist Þlter paper in a petri dish, three corn rootworm eggs and three A. spretulus eggs were alternated with each other in a circular pattern. A single predator was released into the dish. After 24 h, the eggs were counted.
First, we determined if there was signiÞcant predation by each predator species. The proportion of missing eggs in dishes with predators was compared with the same in control dishes (no predators) using a t-test. Second, predation rates were compared among all predator species tested. Because the number replicates in predation assays were not the same for each species, these unbalanced data were analyzed with PROC MIXED, and the pair-wise comparisons of predation rates among different species were made using an LSMEANS statement with a PDIFF option in the SAS system, program version 8.02 (SAS Institute 1990) .
Natural Predation of A. spretulus Grubs in the Fairway and Rough. This Þeld experiment was conducted in annual bluegrass (Poa annua L.) fairways and adjacent annual bluegrass roughs at the Hancock Turfgrass Research Center. Turf plots were mowed at 1.5 cm in the fairway and at 5 cm in the rough and fertilized monthly with 48.8 kg/ha. Since 1995, there has been no history of insect damage or insecticide application.
In 1999, the predation experiment was performed three different times, separated by 1-wk intervals. The Þrst test was performed on 7Ð14 July, the second on 14 Ð21 July, and the third on 21Ð28 July. Each test was conducted in a 20 by 18 m 2 Þeld area, consisting of the fairway and its adjacent rough. Four locations in the fairway and four locations in the adjacent rough were randomly chosen. Soil cores pulled with a standard golf course cup-cutter (10 cm diameter; 10 cm deep) were wrapped laterally with burlap to minimize migration of grubs before placing them back into the ground. Then, 10 A. spretulus grubs collected at Royal Scot Golf Course were released on the top of each soil column and allowed to burrow into the ground. If released grubs failed to burrow into the ground in 5 min, they were replaced with new ones. Grubs were recovered from soil cores and counted 7 d after release.
On 20 Ð27 July 2000, the Þeld test was repeated with a modiÞed experimental design from 1999. Six Þeld plots were established along the edge of two 0.5-ha blocks of annual bluegrass fairway bounded by annual bluegrass rough at the Hancock Turfgrass Research Center. A. spretulus grubs collected at Royal Scot Golf Course were introduced into Þeld plots. Five locations in the fairway and Þve locations in the rough were randomly selected within each plot and a plastic cup (6 cm diameter; 70 ml) Þlled with turf and soil was implanted to each location. Plastic cups were punctured with a pin to allow water drainage. Five A. spretulus grubs were released into each cup. One additional cup in each plot was prepared and covered with Þne mesh immediately after A. spretulus grubs were introduced. The turf and soil in each cup was examined for grubs 7 d later.
In the 1999 Þeld experiment, time was treated as a repeated measure, and data were analyzed in a repeated measures design using a REPEATED statement of PROC GLM in the SAS program. The impacts of time and mowing heights on natural predation were tested by analysis of variance (ANOVA). The 2000 Þeld data were analyzed as a randomized complete block design using PROC GLM. Predation rates (proportion of missing grubs) in the fairway and rough were compared with the controls, where the access of predators to introduced grubs was prevented. Also, predation rates were compared between the fairway and rough.
Impact of Predatory Insect Manipulation on A. spretulus Infestation in Field Plots. This Þeld study was conducted in six blocks at the Hancock Turfgrass Research Center. Each block was 20 by 18 m 2 and consisted of an annual bluegrass fairway and its adjacent annual bluegrass rough. New roughs were created for this experiment by changing the mowing pattern in April 2000, before the beginning of our Þeld experiment. A 1-m swath of annual bluegrass, previously mowed at fairway height, was changed to being mowed at rough height, to isolate mowing height as the only variable. The fairway was mowed to 1.5 cm, three times per week, and the rough was mowed to 5 cm, once per week. Except for mowing heights, cultural practices were same for plots in the fairway and new rough.
Two rectangular plots (0.6 by 0.45 m 2 ) were established in each block. A barrier designed for enhancing predator density was assigned to one plot, and a barrier for suppressing predator density was assigned to the other plot. The predator-enhanced barrier emulated the ingress barrier that was previously used by Menalled et al. (1999) . The predator-enhanced plot was surrounded by a trench with a 10-cm-deep vertical slope on the outside wall and a 30Њ incline on the inside wall. The vertical slope was lined by 2.5-mmthick Plexiglas (Total Plastics, Grand Rapids, MI) (Fig.  1A) . Once turf-inhabiting predators fell into the ingress trench, they could move only into the plot and not back out. The predator-suppressed plot was surrounded by a v-shaped trench with a 2.5-mm-thick Plexiglas wall in the middle of the trench (Fig. 1B) . Predators that fell into the v-shaped trench could climb back only to the side where they came from. Because the barriers were designed for affecting the movement of surface cruising predators including most carabids and staphylinids, they did not prevent predators from ßying into the plots.
To monitor the activity of surface predators in plots, dry pitfall traps were implanted from 21 May to 29 July 2000. Two pitfall traps were implanted within each plot: one in the fairway-half and one in the rough-half. Additionally, four pitfall traps were placed outside the plots in each block: two in the fairway and two in the rough. Pitfall traps were opened for 24-h periods, 3Ð5 times/wk, and capped between these times. Captured predatory insects were counted and identiÞed in the Þeld. Insects caught in pitfall traps in predator-enhanced plots were returned to the plots. In contrast, insects caught in predator-suppressed plots were removed from the plots.
To increase the infestation of A. spretulus grubs, A. spretulus beetles collected at Royal Scot Golf Course were introduced into our plots. A total of 123 beetles was introduced into each plot: 20 beetles on 31 May, 37 on 1 June, 30 on 7 June, 26 on 21 June, and 10 on 22 June. Introduced beetles immediately moved into the turf. On 31 July, 10 soil cores were pulled from each plot with a standard golf course cup-cutter: 5 from the fairway-half and 5 from the rough-half. Soil samples were examined for A. spretulus grubs and immature predators.
Count data of predatory insects and A. spretulus grubs were analyzed as a split-plot design. The mainplot factor was the barrier type and the split-plot factor was the mowing height. The main-plot factor (barrier type) was laid out in six randomized complete blocks with a split-plot factor (mowing height) to each main plot factor. ANOVA of main-and split-plot factors was determined using PROC GLM in the SAS program. Numbers of each insect collected from the fairway and rough of predator-enhanced and predator-suppressed plots were pair-wisely compared using an LSMEANS statement with a PDIFF option.
Results
Laboratory Feeding Experiments. Adults of four carabid and three staphylinid species consumed a signiÞcant proportion of corn rootworm eggs (P Ͻ 0.01). All of these adult beetles, except for Apocellus sphaericollis, also consumed A. spretulus grubs (P Ͻ 0.01). Immature Philonthus sp. consumed A. spretulus grubs (P Ͻ 0.01). Predation rates on eggs (F ϭ 11.4; df ϭ 5, 81; P Ͻ 0.0001) and grubs (F ϭ 10.27; df ϭ 6, 36; P Ͻ 0.0001) were different depending on predator species (Table 1) . Amara aenea and S. ochropezus, the two most abundant carabid species in our turfgrass research Þeld, consumed 100% corn rootworm eggs and Ͼ40% A. spretulus grubs within 24 h in 14 Ð18 replicates of feeding assays. A. sphaericollis, which was the most abundant staphylinid and a relatively small species, consumed 57% corn rootworm eggs within 24 h but did not consume A. spretulus grubs. P. cognatus and P. carbonarius, the second and third most abundant staphylinids, effectively preyed on eggs and grubs. Immature Philonthus sp. had a different preference of prey items compared with adult Philonthus sp. Immature Philonthus sp. did not consume corn rootworm eggs but consumed 100% of provided A. spretulus grubs within 24 h in all four replicates. Immature Philonthus sp. initiated feeding on grubs immediately after encountering them.
Suitability of corn rootworm eggs as a substitute for A. spretulus eggs in our feeding assay was evaluated in choice tests where eggs of both species were provided in the same petri dish. We were not able to collect enough A. spretulus eggs for comparing the consumption of A. spretulus eggs with corn rootworm eggs for each predator species. Still, active consumption of both corn rootworm and A. spretulus eggs was observed. The carabids and staphylinids we tested consumed 83Ð100% A. spretulus eggs and 33Ð100% corn rootworm eggs (Table 2) . Therefore, it was safe to assume that if a predator consumed corn rootworm eggs, it would also consume equal or more amounts of A. spretulus eggs in the petri dish feeding assay. If any bias were introduced through this substitution, it would be to underestimate the amount of staphylinid predation on A. spretulus eggs.
Natural Predation of A. spretulus Grubs in the Fairway and Rough. In the 1999 Þeld experiment, more A. spretulus grubs were removed in the rough than the fairway. Predation rates between the fairway and rough were different on the Þrst and second observations at the P ϭ 0.06 level and on the third observation at the P Ͻ 0.01 level (Table 3) . Repeated measures ANOVA of the data from three sampling dates indicated that predation rates were different on different sampling dates and were greater in the rough than the fairway (Table 4 ).
In the 2000 Þeld experiment, the percentage of missing grubs from turf and soil cores was 45.7 Ϯ 9.7 in the rough and 28.7 Ϯ 11.7 in the fairway. These predation rates were similar to those observed in 1999, when a higher predation rate was also observed in the rough than the fairway. However, in 1999, the means were not statistically different (P ϭ 0.1; Table 4 ).
Impact of Predatory Insect Manipulation on A. spretulus Infestation in Field Plots. In our Þeld plots at the Hancock Turfgrass Research Center, we trapped a total of 1,082 predaceous insects, representing four families: Carabidae, Staphylinidae, Formicidae, and Histeridae (Table 5) . We did not consider spiders (Arachnida) because fewer were trapped, and we were mostly interested in predation of A. spretulus eggs and grubs. Formicidae and Histeridae were relatively scarce in pitfall traps, comprising 5.6% and 1% Fig. 2A) . SpeciÞcally, Am. aenea was the most active between May and early June, and S. ochropezus was the most active between mid-June and mid-July. Activities of adult staphylinids ßuctuated throughout the season (Fig. 2B) . Activities of A. sphaericollis and P. carbonarius were high in May, low in June, and high again in July. P. cognatus was moderately active in May and June and highly active in mid-July. Mowing heights did not affect the abundance of adult carabids (F ϭ 0.24; df ϭ 1, 216; P ϭ 0.6) and staphylinids (F ϭ 1.69; df ϭ 1, 126; P ϭ 0.2) in our Þeld plots. An exception was that 1.6-fold more adult carabids were captured in the fairway-half than in the rough-half within the predator-enhanced plot (Table  6 ). The barriers and pitfall trapping inßuenced the abundance of adult carabids (F ϭ 99.85; df ϭ 1, 216; P ϭ 0.0002) and staphylinids (F ϭ 26.05; df ϭ 1, 216; P ϭ 0.004) in the plots. Continual removal with pitfall traps and blocking with v-shaped barriers decreased predators by six-fold in the suppressed plots during our experiment from mid-May to late July ( Fig. 3 ; Table 6 ). Ingress barriers applied to predator-enhanced plots kept the density of predators at a level much higher than in predator-suppressed plots but did not increase the abundance of predators compared with that in nearby control plots with no barriers. Although densities of adult predators were signiÞ-cantly changed in the plots, the distribution of immature predators was not altered by barrier type (F ϭ 0.10; df ϭ 1, 96; P ϭ 0.7) or mowing height (F ϭ 2.26; 6.4 Ϯ 2.2ab 9.8 Ϯ 3.0a 3.7 Ϯ 0.8b
Means Ϯ SEM within a row followed by the same letter are not signiÞcantly different at the P ϭ 0.05. a Number per pitfall per week. b Number per cup-cutter (10 cm diameter; 10 cm deep).
df ϭ 1, 96; P ϭ 0.2). Only 0.5 immature predators per standard cup-cutter were found in our plots (Table 6) . Introduction of A. spretulus beetles succeeded in increasing the infestation of A. spretulus grubs in our plots. Eight weeks after A. spretulus beetles were introduced, 4 Ð10 A. spretulus grubs were found per standard cup-cutter. The density of A. spretulus grubs was not different between predator-suppressed and predator-enhanced plots (F ϭ 0.02; df ϭ 1, 96; P ϭ 0.9), although six-fold more surface predators were detected in predator-enhanced plots than predator-suppressed plots. The simple decrease of surface predators did not increase the infestation of A. spretulus grubs in our plots. In contrast, mowing height affected the distribution of grubs (F ϭ 6.37; df ϭ 1, 96; P ϭ 0.03). In predator-suppressed plots, 2.6-fold more grubs were found in the fairway-half than the rough-half (Table 6 ).
Discussion
The community of predaceous insects in the annual bluegrass Þeld at the Hancock Turfgrass Research Center, MI, was similar to that described in previous studies about turfgrass insects (CockÞeld and Potter 1984 , 1985 , Braman and Pendley 1993 , Smitley et al. 1998 . Staphylinids and carabids were the most common predaceous insects in our turfgrass Þeld, accounting for over 90% of the total number of predators other than Formicidae.
Results of our feeding tests were similar to the previous study by Terry et al. (1993) , who used Japanese beetle (Popillia japonica Newman) eggs and Þrst instars as prey to evaluate in vitro predation of turf-dwelling carabids and staphylinids. Most of carabid species that Terry et al. tested readily consumed Japanese beetle eggs and grubs. Harpalus and Amara spp. in both Terry et al. and our study consistently consumed high proportions of available eggs and grubs. In both studies, Philonthus sp. consumed more than one-half of available eggs and grubs.
In general, large predators consumed more grubs than small predators. For example, in our experiment, H. affinus was the largest carabid in size (11Ð12 mm in length) and consumed 100% of supplied A. spretulus grubs in all replicates. P. cognatus beetles, the largest staphylinids (13Ð15 mm in length), consumed most of the available eggs and Ͼ50% of the grubs. A. sphaericollis, the smallest staphylinid (3Ð 4 mm in length), did not feed on A. spretulus grubs. A. sphaericollis was previously described as a scavenger, feeding on humus and decaying vegetation (Chittenden 1915) , but was observed to consume A. spretulus eggs in our petri dish feeding assays. In addition to adult predators, larvae of Philonthus sp. were included in our feeding assays. They showed a feeding preference for A. spretulus grubs compared with eggs, which was different from adult Philonthus sp. Philonthus sp. larvae consumed two-to three-fold more A. spretulus grubs but Þve-to six-fold fewer insect eggs compared with adult P. cognatus or adult P. carbonarius. Our feeding tests showed that the most abundant carabids and staphylinids found in annual bluegrass turfgrass in Michigan are capable of feeding on A. spretulus eggs and grubs.
In Michigan, A. spretulus adult beetles appear on turfgrass in early May and lay eggs in June. Grubs appear in turf in July and early August (Smitley et al. 1998 , Vittum et al. 1999 . The most vulnerable period for predation may be in June and July when A. spretulus is in the egg or grub stages. In our Þeld studies, seasonal activities of adult staphylinids and carabids were monitored from May to July 2000 to understand coincidence of predators in time with A. spretulus. Adult carabids including Am. aenea and S. ochropezus were concurrent with A. spretulus eggs and grubs in June. Adult staphylinids including Apocellus sphaericollis, P. cognatus, and P. carbonarius were concurrent with A. spretulus eggs and grubs in July. However, we were not able to determine when carabid and staphylinid larvae were active.
Natural predation rates on A. spretulus grubs introduced in our Þeld plots were 13Ð51% in 1999 and 29 Ð 46% in 2000. Eight percent of grubs in the 2000 trial were not recovered from the controls, where surface predators were unable to access introduced grubs. Grubs missing in the controls may have been consumed by carabid or staphylinid larvae already present in the soil columns or may have died from diseases or environmental stress. Overall, predation of A. spretulus grubs was much higher in uncovered turf cores compared with covered control ones, suggesting that predators affected survival of grubs. Furthermore, predation on grubs was signiÞcantly more active in the rough than the fairway in the 1999 Þeld trial.
The v-shaped barrier and continual removal of insects with pitfall traps decreased the density of surface predators by six-fold in the plots. When surface predators were removed in predator-suppressed plots, more A. spretulus grubs were found in the fairway-half than the rough-half (Table 6 ). This may be because A. spretulus females were more attracted to the fairway for oviposition than to the rough. However, the reduction in the density of surface predators did not increase the infestation of A. spretulus grubs in predator-suppressed plots compared with predator-enhanced plots.
The results from the predator-manipulation experiment did not agree with our observation of grub predation in other experiments. In the previously described tests, after 1 wk, 13Ð51% of A. spretulus grubs introduced into soil cores were removed, apparently by predators gaining access from the surface because only 8% of A. spretulus grubs were missing from screened control soil cores. There are two possible explanations for this. First, it is possible that predators found A. spretulus grubs more easily in the disturbed soil cores than in our barrier plots where A. spretulus beetles laid eggs naturally. A second hypothesis is that the barrier around the predator-enhanced plot trapped naturally occurring A. spretulus beetles in the plots, adding to the artiÞcial infestation we created by introducing adults. If more A. spretulus beetles walked into the predator-enhanced plots, the resulting increase in eggs and grubs could have been offset by the higher density of predators. Also, this plot design was probably not an effective way to evaluate the importance of carabid and staphylinid larvae as predators in the fairway and rough because they may depend on the density of adult predators in the previous years but the rough in our plots was newly established from the previous fairway.
Our petri dish feeding assays indicated that the most common carabid adults, staphylinid adults, and Philonthus sp. larvae on turfgrass in Michigan are capable of consuming A. spretulus eggs and grubs. Our Þeld works supported the importance of natural predation in the control of A. spretulus grubs in golf course turf as described by Smitley et al. (1998) and Rothwell and Smitley (1999) . However, we did not see a direct relationship between the density of surface predators and the infestation of A. spretulus grubs in our predator-manipulation experiment. More work is suggested to evaluate the role of carabid and staphylinid larvae as predators of A. spretulus eggs and grubs on golf course turf. Also environmental factors inßuenc-ing the ovipositional preference of female A. spretulus and the growth of these grubs should be investigated in future studies.
